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The standard technique for scientifically and clinically studying sleep is polysomnography 
(PSG), consisting of a comprehensive recording of multiple electrophysiological parameters 
during sleep.1 PSG has clear benefits for monitoring sleep quantity and quality, but also suffers 
from several practical limitations, related to cost, skills and time. Actigraphy prevails today as the 
device that over time has been established as an affordable and easy-to-operate alternative to PSG 
and consists of wrist-born devices that contain, inter alia, an accelerometer, a clock, and a data 
storing unit.2 Validation by the use of correlations between sleep parameters harvested from 
actigraphic and PSG recordings are typically inflated, even when the epoch-by-epoch agreement 
is relatively low, since most of the data normally come from the sleep period.3 Validation in 
terms of sensitivity (actigraphy = sleep when PSG = sleep), accuracy (actigraphy = sleep/wake 
when PSG = sleep/wake), and specificity (actigraphy = wake when PSG = wake) demonstrate 
that the participant-specific sensitivity and accuracy are high, whereas the specificity is low.4  
Radar technology has been proposed as a tool that has a great potential for monitoring and 
measuring subtle body movement (e.g. by thorax and limbs).5 In this study, we present the results 
from a pilot investigation where Impulse Radio-Ultra Wide Band (UWB) pulse-Doppler 
technology was used to estimate wakefulness and sleep. UWB technology is based on radio 
waves with very low energy levels at short-range. This technology rests on the principle that 
body, limb and respiratory movements of a person cause changes of the frequency (doppler shift) 
of the radio waves. The results of radar data were in the present study compared to outputs from 
PSG recordings.      
Methods 
A total of 12 persons, (six males, six females) with a mean age of 34.4 years (SD = 11.9, 
range 19-60 year) were recruited.  
Polysomnography (PSG) 
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Electrodes were montaged (including F4-M1, C4-M1, O2-M1, left and right 
electrooculogram, and electromyogram submentalis) and analyzed according to the AASM 
Manual for the Scoring of Sleep and Associated Events.6 Sleep was scored according to AASM 
guidelines by trained personnel.  
Impulse Radio Ultra Wideband radar (IR-UWB radar) 
The radar device used was the Novelda XeThru model X2,7 an IR-UWB pulse-Doppler 
radar. The size of the radar chip itself is 5 x 5 mm, suitable for integration in portable devices. 
The radar has an average sampling rate of 39 giga samples per second, which is downconverted 
to 20 frames per second. 
The term ultra wide band (UWB) is used to refer to the 3.1-10.6 GHz band of radio 
frequency waves. The UWB frequency band was released for unlicensed use by the Federal 
Communications Commission (FCC, U.S.) in 2002, providing that emission levels are kept low (-
41.3 dBm/MHz)8. The Novelda XeThru model X2 has been tested in an approved laboratory and 
submitted to FCC for approval of certification1. 
This large bandwidth enables high spatial resolution. The high frequency waves will 
easily penetrate soft materials such as clothes and beddings, but are less able to travel through 
more solid objects (e.g. walls, human bodies), which instead cause reflections.9  
As radio waves travel at the speed of light, the time-of-flight of the signals is very short 
which requires high speed demands of the system. The present radar addresses this difficulty by 
employing a concept known as strobed sampling. Here, several samplers are arranged in a 
parallel topology and employing a swift threshold sweep. For further details of the idiosyncrasies 
of the present radar, the reader is referred to Wisland et al.8  
                                                 
1 FCC-ID: 2AD9QX4M02 




Pulse Doppler signal processing 
The waves emitted by the radar are reflected from objects (such as a breathing person 
beneath a blanket) in its surroundings and the reflections are detected by the receiver. If the 
reflecting object is moving, a frequency shift can be observed in the reflected wave. This 
phenomenon is commonly known as the Doppler-effect, often observed with sound waves in 
everyday life. The effect is the same when the waves are electromagnetic, albeit on a smaller 
scale. Even tiny body motions, such as a thoracic activity by inhalation and exhalation as well as 
heart beats, produce changes in frequency of the reflected signals.10 
The Pulse-Doppler radar measures both the time-of-flight and the Doppler shift in the 
frequency of the received signals. Time-of-flight is given by the distance to the movements, 
measured in nanoseconds. The Doppler shift in the frequency provides information about its 
velocity.  
A measure of total body movement, as well as information about frequency of respiration, 
is obtained from the received radar signals by forming range-frequency-power matrices referred 
to as Pulse-Doppler matrices. These are generated by performing a short-time Fast Fourier 
Transform (FFT) on data from each 5cm distance increment in the radar’s range, using two 
different-length Hanning windows to different effect. A ‘fast’ (3 second) window is used to 
estimate total body movement, and a ‘slow’ (20 second) window is used to estimate respiration 
frequency. The windows are shifted and the FFT repeated every second, i.e. 33% overlap for 
body movements and 95% overlap for respiration, giving movement and respiration information 
with an update rate of 1Hz. 
In the signal from a person who is breathing but otherwise inactive, a distinct pattern can 
be recognized as peaks symmetrical around the origin of the frequency axis of the Pulse-Doppler 
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matrix (Figure 1). Respiration per minute (RPM) is estimated as the absolute value of these 
peaks. During periods of steady respiration this estimate follows PSG signals closely (Figure 2a 
and 2b, Wisland et al8). An index of overall body movement is obtained by summarizing the 
energy of all observed movements over a range covering the whole person. This index thus 
encompasses movement from all body parts.  
 
Sleep Algorithm  
The sleep algorithm summarizes the movement index and RPM values into 30 second 
epochs (epoch length chosen to conform with AASM standards for PSG scoring). It then employs 
two static threshold parameters on the overall movement index to decide sleep/wake status for 
each epoch, using the presence of a respiration signal to determine the difference between a target 
laying completely still and a target being gone (e.g. having left the bedroom). 
As opposed to actigraphy, this sleep algorithm integrates movements from all body parts.  
Procedure 
The radar was placed on the bedside table or on a photo tripod placed along the head of 
the participant facing diagonally downwards to the feet. Two subjects had two recordings 
whereas the rest had one recording.  
To determine the values of the static threshold parameters, the sleep algorithm was run for 
a large set of reasonable parameter combinations. Each result was then time-aligned to 
corresponding PSG sleep/wake state data using an epoch level best fit method designed to choose 
the best temporal alignment in a range of -40 to +40 epochs. This was done for each protocol 
exclusively in order to adjust for mismatch between the clock in the radar and the clock in the 
PSG - ensuring comparison of data collected at the same time points. For the final analysis 
standard 30 second epochs were used. Accuracy, sensitivity, and specificity of sleep/wake from 
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the aligned radar sleep algorithm output in relation to the PSG blueprint was then calculated for 
each parameter combination and their product mapped in one color coded two-dimensional 
matrix per data set (14 in total). The best overall parameter tuning was chosen by visual 
inspection of these 14 maps, and used to determine the final sleep algorithm output for all data 
sets. The study was approved by the Institutional Review Board of the Faculty of Psychology, 
University of Bergen, Norway. 
 
Statistics 
We calculated the agreement between PSG and radar parameters for sleep onset latency 
(SOL), wake after sleep onset (WASO) and total sleep time (TST) by estimating the mean 
difference between them and their corresponding standard deviation, providing a measure of bias.  
Further, epoch by epoch (30 seconds) comparisons from bedtime to rise time were conducted. 
Accuracy, sensitivity and specificity were calculated. In addition, Cohens Kappa reflecting epoch 
by epoch fit was calculated.  
Results 
 Table 1 shows the demographic and sleep data recorded by PSG and radar for the 14 
nights, as well as the difference between them. The mean difference (underestimating) for sleep 
onset latency was - 5.7 minutes (SD = 22.1). The mean difference (overestimating) for wake after 
sleep onset was + 6.4 minutes (SD = 32.5) whereas the mean difference for total sleep time 
(overestimating) was + 1.5 minutes (SD = 24.6). Table 2 depicts the accuracy, sensitivity, 
specificity and the Cohens Kappa for the epoch by epoch comparisons between PSG and radar 
across the 14 nights. The accuracy ranged from 0.841 to 0.980 with a mean of 0.931 (SD = 
0.038). The sensitivity ranged from 0.848 to 0.998 and had a mean of 0.961 (SD = 0.045). In 
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regard of specificity the values ranged from 0.329 to 0.960 with a mean of 0.695 (SD = 0.183). 
The Cohens Kappa values ranged from 0.423 to 0.913. The mean Kappa was 0.670 (SD = 0.140).  
Discussion 
 The present study is the first that have investigated this IR-UWB radar technology as a 
tool for sleep assessment. Overall, the results showed that the discrepancy between PSG and 
radar estimates was relatively small also when compared to actigraphic concordance with PSG.4 
Generally, the radar tended to overestimate wake after sleep onset and underestimate sleep onset 
latency. The overall discrepancy between the PSG and radar for total sleep time was small 
overall. Still, it should be noted that for some participants the discrepancy between the radar and 
the PSG was of a larger magnitude. The mean accuracy was 0.931 which is higher or comparable 
to that reported for actigraphic recordings.11 Also, the sensitivity obtained with the radar 
technology was higher than what has been reported in previous actigraphic studies.12 The overall 
specificity obtained in the present study was close to .70, which is higher than reported for 
actigraphy.12 Furthermore, the mean Kappa value was higher than what has been reported for 
actigraphy.13   
 The results suggest that IR-UWB radar may become an alternative objective measure to 
actigraphy. An obvious advantage over actigraphy is that movements can be assessed from many 
parts of the body simultaneously, such as movement from the extremities as well as respiration 
movements, which both change notably during sleep.14,15 The present sleep algorithm uses only a 
portion of the data from the radar. Explicit use of respirations per minute (RPM) information 
should be considered for future iterations. The future developmental potential regarding this new 
technology is large and currently, a radar 10-100 times more sensitive than the one used in the 
present study has been developed,16 and we are currently conducting new validation studies with 
this device. The new radar technology may also be able to assess heart rate, which would enable 
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development of even better sleep algorithms. Due to the large amount of data detectable with the 
radar it is conceivable that algorithms for detection of different sleep stages (e.g., NREM sleep 
stages and REM sleep) can be developed. In addition, as the radar has been implemented in a 
standard complementary metal-oxide-semiconductor (CMOS) technology, it can be produced 
using standard techniques at a low cost and we expect the production costs of this device not to 
exceed the costs of actigraphs.  
Study limitations 
 This pilot study is among the first indexing sleep with IR-UWB radar technology, hence 
much more empirical evidence is needed before firm conclusions about its validity can be drawn. 
The sample was rather small and amounted to a few nights in total. Validation studies on the new 
radar technology in different sleep disordered populations are warranted. Further development 
and refinement of the sleep-scoring algorithm is warranted in order to ensure that it provides 
valid results across different sleep pathologies and age group. The new technology was validated 
against PSG since the latter is considered the gold standard of sleep recordings. However, since 
the radar utilizes movement data, future validation against actigraphy, preferably with 
concomitant PSG-recordings, should also be prioritized. Further, future studies should investigate 
if the new radar technology is equally performant at all sleeping positions (e.g. lateral, supine, 
prone) and at different distances from the radar. If two people sleep closely together it should be 
noted that the radar cannot distinguish between the two. However, an artificial wall with a range 
of 0.4m to 10m can be established, disregarding all movement outside the wall. Thus, if two 
people sleep on different sides of a bed, the technology can as such register data stemming 
exclusively from the person closest to the radar. In the future it is also possible that the radar 
technology may identify idiosyncratic movements of an individual and as such distinguish 
between movements arising from different individuals.  
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Figure 1: Breathing causes a characteristic pattern in the pulse-Doppler matrix, which is used to 
estimate the breathing frequency. Plotted above is the strength, in decibels [dB] of frequency 
components [Rotations Per Minute, RPM] received at different ranges, summarized over a 
period of 20 seconds. Symmetric peaks around the origin of the frequency axis indicate 
periodicity, as the inhalation and exhalation induces movements towards and away from the 
radar. The range to the first, highest, peaks gives the distance between the radar and the target. 
Weaker ‘mirror images’ extend behind the first peaks as some portion of reflected waves take 
detours on their way back to the receiver (bouncing of walls, etc.) 
Figure 2a:  Close-up comparison of respiration per minute (RPM) from XeThru and PSG during 
deep sleep period.  
Figure 2a: Comparison showing RPM and movement during light sleep period. [figure from 
XeThru vs. Polysomnography (PSG) Comparative Study, Xthis waeThru Whitepaper By Novelda 














































































Demographics of the participants and sleep onset latency (SOL), wake after sleep onset (WASO) 
and total sleep time (TST) as assessed by polysomnography (PSG) and radar and difference 
between PSG and radar parameters 
   Sleep onset latency 
(min) 
Wake after sleep onset 
(min) 
Total sleep time (min) 
ID  Sex Age PSG Radar diff PSG Radar diff  PSG Radar diff 
1 Male 42 140 84 -56 67 119 +52 275 278 +3 
2 Female 26 3 8 +5 23 29 +6 432 436 +4 
3a Male 25 14 15 +1 32 15 -17 435 451 +16 
3a Male 25 28 21 -7 20 20 0 387 397 +10 
4 Female 36 10 18 +8 38 19 -19 475 485 +10 
5 Male 40 5 14 +9 17 10 -7 500 498 -2 
6 Male  60 19 14 -5 45 15 -30 362 410 +48 
7 Female 33 7 11 +4 31 14 -17 430 443 +13 
8 Male 39 35 28 -7 13 6 -7 412 427 +15 
9 Female 21 17 19 +2 14 14 0 402 402 0 
10 Female 46 23 28 +5 27 8 -19 347 362 +15 
11 Female 19 95 47 -48 43 113 +70 341 319 -22 
12a Male 26 70 52 -18 22 87 +65 407 359 -48 
12a Male  26 8 35 +27 30 43 +13 416 375 -41 








Accuracy, sensitivity, specificity and Cohens Kappa for epoch by epoch comparison (radar 
validated against polysomnography) for the 14 nights 
ID no. Sex Age Accuracy Sensitivity Specificity Kappa 
1 Male 42 0.940 0.953 0.922 0.877 
2 Female 26 0.940 0.971 0.663 0.658 
3a Male 25 0.954 0.993 0.582 0.683 
3a Male 25 0.955 0.987 0.710 0.760 
4 Female 36 0.925 0.969 0.533 0.550 
5 Male 40 0.969 0.982 0.702 0.658 
6 Male  60 0.874 0.990 0.329 0.423 
7 Female 33 0.938 0.980 0.583 0.633 
8 Male 39 0.962 0.998 0.549 0.678 
9 Female 21 0.981 0.989 0.924 0.913 
10 Female 46 0.937 0.986 0.596 0.668 
11 Female 19 0.932 0.922 0.960 0.828 
12a Male 26 0.841 0.848 0.801 0.506 
12a Male  26 0.888 0.889 0.878 0.547 
a) These participants had two nightly registrations 
